Abstract-The intensity-dependent response of nonlinear Bragg-periodic epitaxially-grown InGaAs-InAlGaAs-based optical elements is reported over a broad spectral range 1.3-1.6 m. Large changes in the transmittance and reflectance are observed as a function of incident power. Over most of this spectral region, the nonlinear response is dominated by the saturation of absorption. In the vicinity of 1.5 m, the optical elements exhibit fluence-dependent Bragg diffraction. For low incident powers, the indices of refraction of structures are uniform and no coherent scattering takes place. With increased incident power a Bragg grating appears, resulting in the emergence of a fluence-dependent stopband in the transmittance and reflectance spectra.
Intensity-Dependent Reflectance and Transmittance of Semiconductor Periodic Structures I. INTRODUCTION
O PTICAL switching and pulse shaping would reduce optical-electrical-optical conversion and increase transparency in optical networks. A number of all-optical devices and elements have been proposed and fabricated for this purpose [1] , [2] .
Nonlinear Bragg-periodic structures offer a particularly wide variety of optical signal processing functions. These structures have been theoretically predicted and experimentally demonstrated to give rise to all-optical switching [3] , [4] , pulse compression [5] - [7] , limiting [3] , [8] , [9] , and logic operations [10] . In addition, nonlinear periodic structures support solitary waves-pulses that propagate without changing their shapes [11] , [12] .
A variety of interesting and promising approaches for combining third-order nonlinearity and Bragg periodicity has been proposed. Colloidal crystals provide a three-dimensional periodic framework into which materials exhibiting thermal [8] , [13] , and ultrafast nonlinearities [14] may be embedded. Fiber Bragg gratings [5] , [7] and corrugated integrated optical waveguides [15] yield one-dimensional nonlinear periodic structures.
The optical elements analyzed in this work were grown using molecular beam epitaxy. They have a low initial refractive index contrast. This has been predicted to be a desirable condition for all-optical limiting and stable switching [3] , [6] , [9] . In addition, the optical elements were designed in such a way that there is a spectral overlap of the Bragg resonance with strongly nonlinear absorption edge of at least one constituent material [16] , [17] . Recently, strong saturation of absorption and nonlinear index changes as large as have been recorded in the bandedge region of In Al Ga As-In Ga As multi-quantum-wells (MQWs) [18] .
In the present work, nonlinear transmission and reflection measurements from these nonlinear Bragg periodic structures are reported over a wide spectral range relevant to telecommunication. Large changes in transmittance and reflectance are observed. Comparison is made between the intensity dependence of the response of:
• optical periodic elements that upon excitation with intense light exhibit Bragg contradirectional coupling; • MQWs of a similar thickness and composition. Nonlinear Bragg diffraction has opposite effects on the change in transmittance and on the change in reflectance. Intensity-dependent Bragg scattering is explained and distinguished from the effect of nonlinear absorption.
II. EXPERIMENTS

A. Devices
The devices considered here, labeled sample A, optical element B, and optical element C, are shown in Fig. 1(a)-(c) . The structures were grown on S-doped (001) InP 2-in single-side polished InP substrates; 10-nm protective InP layers were grown on top of all of the samples. Following the growth, multilayer antireflection coatings were deposited on the front surfaces of B and C, and the back sides of A, B, and C were polished to allow transmittance measurements without scattering . High sample quality and periodicity of the superlattice layers were confirmed by double crystal X-ray diffraction measurements.
A is made out of 121 10-nm In Al Ga As barriers and 120 5-nm In Ga As wells, resulting in a total thickness of the nonlinear sample of 1.81 m.
B and C are both made out of two different sets of MQW each. In this work, a pair of adjacent MQW sets will be referred to as one Bragg period.
B In Ga As wells. MQW type 2 is made out of three pairs of 5.5-nm In Al Ga As and 2-nm In Ga As grown on the top of 11 5-nm In Al Ga As barriers interleaved with ten 2.5-nm In Ga As quantum wells. The total thickness of B is 1.855 m.
C has 8.5 MQW type-1/MQW type-3 Bragg periods. MQW type-3 consists of five 18-nm In Al Ga As barrier layers separated from each other by three 10-nm In Ga As and one 11-nm In Ga As well, giving the total thickness of C of 2.083 m.
It was sought to meet two criteria in designing B and C. The periodicity of B and C were chosen so that constituent pairs of MQW form a Bragg grating with spectral resonance in the vicinity of 1.5 m in both optical elements. Moreover, in order to approximate matching of linear indices between the constituent MQW pairs in samples B and C, the average compositions of MQW type 1, type 2, and type 3 were chosen to be similar.
As a result of the similar average composition and Bragg periodicity, B and C contain hidden gratings whose reflectivity emerges via intensity-dependent changes in the effective refractive indices of the constituent MQW. This phenomenon, combined with the strong saturation of absorption, accounts for changes in reflectance and transmittance observed and reported in Section III.
B. Linear Optical Properties
The photoluminescence ( ) and linear transmittance spectra of A, B, and C, are shown in Figs. 2 and 3 . Sample A has a peak and a strong excitonic feature in transmittance at 1517 nm, corresponding to the first allowed optical transition in the constituent MQW. The peak of B at 1493 nm is attributed to the lowest transition of MQW type 1. Since the first allowed transition in MQW type 2 is very weakly confined, there is no second peak. The spectrum of C shows two peaks and excitonic steps in transmittance: the lower wavelength feature at 1517 nm due to MQW type 1 and the longer wavelength feature at 1600 nm, corresponding to the lowest transition of the second set of MQW type 3.
C. Nonlinear Optical Properties: Experimental Apparatus
The experimental apparatus used in nonlinear reflectance and transmittance measurements is shown in Fig. 4 . The laser beam was focused using a 55-cm focal length lens onto samples placed perpendicular to the beam. The radius of the beam waist at the focus, measured at the of the transverse beam intensity profile, ranged from 91 m at a wavelength of 1300 nm to 112 m at 1600 nm. In order to monitor incident power, a portion of the incident beam was sampled using a wedged beamsplitter. This beamsplitter was also used to deflect a portion of the beam reflected from the sample. The power transmitted through the sample, as well as a fraction of the reflected power, was recorded as the incident power was varied. From this, the power-dependent transmittance and reflectance of each structure were obtained.
Nonlinear measurements were made using a picosecond laser amplification system which consists of four parts: light conversion topas optical parametric amplifier, quantronix titan Ti : sapphire amplifier, quantronix frequency-doubled Nd : YLF -switched pump laser, and coherent diode-pumped ultrafast laser vitesse seed source. This wavelength-tunable system works at a repetition rate of 1 kHz. Autocorrelation measurements gave a pulsewidth (FWHM) of ps. The signal and idler beams from the OPA were wavelength separated and the intensity of the signal beam used in the experiments was controlled using crossed polarizers with a half-waveplate inserted.
III. RESULTS AND DISCUSSION
The nonlinear transmittance ( ) and reflectance ( ) of the three structures A, B, and C were measured in the wavelength range of 1300 to 1600 nm, at average incident powers ranging from 0.3 to 100 W. This correspond to pulse energies between 300 pJ and 100 nJ and fluences ranging from 1 J/cm to 320 J/cm . The results are shown in Figs. 5-8. and reflectance (defined as of A. The insets show the intensity-dependent evolution of and at two representative wavelengths, 1420 and 1500 nm. At a given wavelength, as the incident fluence increases, the absorption of the sample saturates due to bandfilling. With decreasing absorption, increases and the power reflected from the back side of the wafer rises, increasing total . The time required for the free carriers excited by the laser pulse to relax back to the valence band is at least few hundreds of picoseconds, which is much longer than the round trip of the pulse in the sample ps. As a result the contribution to from back reflection off the wafer-air interface varies . The shapes of the transmittance and reflectance spectra of Fig. 5(a) and (b) , respectively, follow the same trends, which suggests that the only contribution to the change in is that from the change in back reflection at the wafer-air interface. The change in total from the nonlinear reflectivity changes of the sample-air and sample-wafer interfaces are negligible.
A. Nonlinear Response of A
The largest changes in and of sample A are observed around the excitonic peak of MQW type 1 in the vicinity of 1.5 m. Here, the threshold for the saturation of absorption is lowest. With decreasing wavelength, the number of unoccupied carrier states needing to be saturated increases. As a consequence, the change in and is decreased for a fixed incident power. For wavelengths longer than that corresponding to the bandgap ( nm), there is small negative change in =m and due to the two-photon absorption (2PA) in the InP substrate. 2PA is a much weaker nonlinear effect than saturation of resonant absorption in A and requires a higher fluence length product to be observed. Near 1525 nm, the effect of the saturation of absorption in sample A and 2PA in the substrate cancel each other almost exactly. As a result, the change in and of A is negligible.
B. Nonlinear Response of B
The nonlinear reflectance and transmittance spectra of B are shown in Fig. 6(a) and (b) . The nonlinear response of B in the absorbing region ( nm) is similar to that of A: and increase with increasing incident power. Thus, the major nonlinear effect in B is again saturation of absorption. However, at some spectral ranges, the corresponding and curves do not resemble each other as closely as in A. In fact, at some wavelength the responses of and show opposite trends.
At high incident powers, the change in around the excitonic peak of 1.5 m is diminished with respect to the change in at other wavelengths above the bandgap. This behavior is opposite to that observed in A, where the change in was most pronounced around the bandgap. The largest change in of B is near 1500 nm at low incident powers and around 1460 nm at high incident powers. 1460 nm is a significantly lower wavelength than the absorption onset of MQW type 1 of B, which happens around 1520 nm. Also, in Fig. 6(a) , for moderate powers (1 W, 10 W, 30 W) there is a dip around 1480 nm, which becomes a plateau in the range 1480 to 1520 nm at 100 W. This is again in contrast to the behavior seen in Fig. 6(b) , where there is no dip around 1480 nm, and for powers of 30 and 100 W, the change in is very distinctly peaked at 1460 nm.
The differences in the nonlinear and response of B are attributed to the combination of saturation of the absorption and the power-dependent nonlinear coherent Bragg backscattering. B is made out of two sets of MQW whose linear indices are initially closely matched. As the intensity increases the absorption of MQW type 1 becomes saturated, at the same time changing its effective refractive index. A Bragg grating appears in the vicinity of 1.5 m. This dynamic Bragg grating enhances and diminishes in the range 1480 to 1520 nm.
The insets of Fig. 6(a) and (b) show the change in and as function of the incident power for 1460 and 1500 nm. As is also evident from the spectral plot, the change in at 1460 nm is initially lower than the change in at 1500 nm, but then becomes higher for incident powers larger than 10 W. In contrast, the change in of B at 1460 nm is always higher than or equal to the change in at 1500 nm.
Similar to the response seen in A for wavelengths longer than the lowest transition level of MQW type 1, 2PA of the InP substrate is the only measurable nonlinear effect. Again, near 1520 nm, the effect on nonlinear change in and of the saturation of absorption and 2PA cancel each other out.
C. Nonlinear Response of C
In Fig. 7(a) and (b) , the nonlinear and response of C is shown. Saturation of absorption is again the dominant nonlinear effect. Similar to B, the and change curves show opposite trends in certain spectral regions.
The change in is peaked near the exciton at 1500 nm for incident powers of 3 and 10 W and then becomes increasingly flat in the range 1400-1500 nm. This is in contrast to the behavior in Fig. 7(b) -a change in is peaked at 1500 nm for all incident powers. Such a response suggests a growing photonic stopband around 1500 nm. In C, both sets of MQW exhibit saturation of absorption and refractive nonlinearity. However, the expected nonlinear index change of MQW type 1 is much larger than that of MQW type 3, and hence a net index contrast emerges.
The insets in Fig. 7 (a) and (b) confirm the different response of and . Whereas the change in at 1500 nm is initially larger than or equal to the change in at 1420 nm, the change in at 1500 nm is always larger than the change of at 1420 nm.
Since C absorbs beyond 1600 nm, 2PA from the wafer is not observable-the saturation of absorption dominates.
The differences in the nonlinear response of the three samples analyzed are further displayed in Fig. 8 
D. Numerical Analysis
In this subsection, a simple numerical model is used to further explain the results reported above. The nonlinear steady-state transfer matrix model discussed in detail in [19] has been extended to account for the absorption, saturation of absorption, and saturation of the nonlinear index change. The complex effective index of refraction of an th layer was assumed to exhibit power dependence according to (1) where is the linear refractive index, is the nonlinear coefficient, is related to the linear absorption by , is local average power, and is the saturation power. The used in (1) is not an ultrafast Kerr coefficient (expressed in units of inverse intensity), but a nonlinear coefficient that has units of inverse power. Resonant nonlinearities give rise to index changes proportional to power (or fluence) rather than to the instantaneous peak intensity.
The results of the simulations are shown in Fig. 9 . The change in the transmittance and reflectance with increasing incident power was computed for two structures illuminated with light at a wavelength of 1.5 m. Fig. 9(a) shows the response of the structure made out of eight and a half Bragg periods of a homogeneous material-a sample that will never exhibit Bragg resonance. The nonlinear response of this sample is analogous to that observed in A. In agreement with previous measurements with the same laser source [18] , the coefficients of the constituent material were taken to be cm and 6 10 W . This gave the maximum induced nonlinear index change of [18] . According to the ellipsometric measurements, the linear index of refraction of the constituent MQW is . Saturation power was estimated to be 100 W. A constant reflection at the back facet-air interface of was assumed, while the front facet of the simulated samples was taken to be anti-reflection coated.
As observed in Fig. 5 in the response A, the intensity-dependent changes in and T shown in Fig. 9 (a) are of a similar shape. With the increasing intensity, the absorption saturates. Since no nonlinear Bragg scattering is present, both and increase monotonically. Fig. 9(b) shows the nonlinear response of the structure analogous to B and C in the spectral ranges 1480-1520 nm (sample B) and around 1500 nm (sample C). The structure analyzed is assumed to be made out of eight and a half Bragg periods, where one of the constituent materials has properties like the material in Fig. 9(a) , while the other material is nonabsorbing and linear ( and ) . The materials are assumed to have matched linear indices ( ). Again, the dominant feature in the simulated nonlinear response is the saturation of the absorption which results in the initially monotonically increasing and . However, for higher incident power, the effect of the growing Bragg grating becomes evident: as the reflectance continues to increase, the transmittance saturates.
IV. CONCLUSIONS
Measurements of nonlinear transmittance and reflectance of three semiconductor one-dimensional structures were reported. The first MQW sample showed strong saturation of absorption, which was most visible around the excitonic peak. Two of the analyzed structures have a built-in periodicity which gives rise to a power-dependent Bragg grating with resonance near 1.5 m. The nonlinear response of these two Bragg periodic samples is influenced by both nonlinear absorption and nonlinear contradirectional coupling. The effect of the nonlinear pop-up grating and the effect of the saturation of the absorption were distinguished by comparison of the behavior of Bragg-periodic superlattices with that of a pure MQW.
The strong nonlinear response of the analyzed structures observed over a broad spectral range of 1.3-1.6 m suggests their potential applicability as optical devices. We did not measure the relaxation time of our samples, expected to correspond to a typical exciton recombination time in direct-bandgap semiconductors of a few nanoseconds. Rapid recovery would be enabled by established techniques of low-temperature growth resulting in reduction of the relaxation time down to the tens of picosecond range [20] , [21] . 
